Abstract Purpose: Regulatory T cells play a major role in tumor escape from immunosurveillance.
T cells were isolated from peripheral blood mononuclear cells (PBMC) or tumor-infiltrating lymphocytes (TIL) of 26 HNSCC patients and 10 normal controls. The Tr1 cell phenotype was determined before and after culture in the presence of interleukin (IL)-2, IL-10, and IL-15, each at 10 to 20 IU/mL. Suppression was measured in carboxyfluorescein diacetate succinimidyl ester^based proliferation assays with or without neutralizing anti-IL-10 or anti^transforming growth factor-h 1 (TGF-h 1 ) monoclonal antibodies in Transwell systems. ELISA was used to define theTr1cytokine profile. 
0001). Tr1 cells suppressed proliferation of autologous responders via IL-10 and
TGF-h 1 secretion. Expression of these cytokines was higher in TIL-derived than PBMC-derived Tr1 cells (P < 0.0001). The Tr1 cell frequency and suppressor function were significantly higher in patients presenting with advanced than early disease stages and in patients ''cured'' by oncologic therapies than in those with active disease. Conclusions: In HNSCC,Tr1cell generation is promoted at the tumor site. Tr1cells useTGF-h and IL-10 to mediate suppression. They expand during disease progression and also following cancer therapy in patients with no evident disease.
Malignancies of the head and neck represent a group of diseases with a considerable socioeconomic and clinical impact (1) . Among them, head and neck squamous cell carcinoma (HNSCC) account for f40,000 new cases per year in the United States and 500,000 cases worldwide (2) . Whereas early detection and treatment have improved in the last decades, 5-year survival remains below 50% primarily because of local recurrences or second primary tumors (3) . Most HNSCC patients have immune defects, which might be responsible, at least in part, for tumor progression or the development of new primaries despite oncologic therapy. HNSCC have evolved a variety of strategies to evade immune detection and elimination as reviewed recently (4, 5) . A mechanism of immune suppression that has recently been emphasized, largely because it appears to influence disease outcome, involves regulatory T cells (Treg).
Treg are a subset of CD4 + T lymphocytes capable of discriminating self-antigens from non-self-antigens and, in healthy individuals, responsible for maintaining tolerance by suppressing expansion of effector cells directed against self. In cancer-bearing hosts, most Treg are induced and expanded in response to tumor antigens that, with the exception of mutated epitopes, are aberrantly expressed self-antigens (6) . Tolerance to tumor antigens is likely mediated through the same mechanisms that induce T-cell tolerance to normal self-antigens to avoid autoimmunity (7) . Since the identification of suppressor cells over 35 years ago (8) , at least four groups of putative Treg have been recognized in humans, including naturally occurring thymus-derived CD4 + CD25 high Treg cells (nTreg; ref. 9 ), antigen-induced and interleukin (IL)-10-dependent T regulatory cells type 1 (Tr1) cells (10) , IL-4-dependent Th3 cells (11) , and adaptively induced antigen-specific CD4 + Treg cells (12) . Neither the precise relationship between these Treg subsets nor their origin or expansion in cancer is well understood. Tr1 cell precursors are naive CD4 + CD25 -T cells, which on encountering antigens presented by immature dendritic cells are induced to differentiate and expand in the microenvironment enriched in inhibitory cytokines, notably IL-10 (13). Although Tr1 cells are induced through IL-10-dependent mechanisms, their unique feature is secretion of immuneinhibitory cytokines, IL-10 and TGF-h, which mediate suppression by a contact-independent mechanism. First described in allergy (14) and autoimmune disorders (10), Tr1 cells are also thought to mediate suppression of antitumor immune responses in human cancer.
Accumulation of different Treg types at tumor sites and increased proportions of Treg in the peripheral circulation of cancer patients have been reported (15 -20) . We have recently described an increased frequency of CD4 + CD25 high nTreg in peripheral blood mononuclear cells (PBMC) and tumor-infiltrating lymphocytes (TIL) of HNSCC patients and the potential of these nTreg to facilitate tumor escape (18, 21 -23) .We have also shown that tumor-derived prostaglandin E 2 controls the induction and expansion of Tr1 cells, which are responsible for suppression of antitumor immune responses (24) . A recent study from Zhou and Levitsky reports that the concomitant presence of nTreg and Tr1 cells contributes to tumor-specific tolerance in mice (25) . In aggregate, these results suggest that tumor antigens and cytokines in the tumor microenvironment play a key role in recruiting and expanding different types of Treg, which down-regulate antitumor immune responses and tip the balance of immune homeostasis toward tolerance.
In this report, we show that, in HNSCC patients, CD4 + CD25
-T cells present in the peripheral circulation and in the tumor ''contain'' precursors of Tr1 cells. Under favorable conditions, these precursors develop into functional Tr1 cells with a phenotype distinct from that of nTreg and capability to suppress proliferation of autologous activated T cells. The mechanisms used by Tr1 cells to mediate suppression are explored relative to their expansion in advanced disease.
Materials and Methods
Patients and blood samples. Twenty-six patients with diagnosis of HNSCC were included in this exploratory study. Tumor tissues were obtained from 10 patients with oral cavity tumors who underwent surgery for treatment of primary disease between September 2000 and March 2001. Samples of cryopreserved TIL were selected for this study if the number of available banked TIL exceeded 30 Â 10 6 to allow for the isolation of CD4 + CD25 -T cells. PBMC were ''randomly'' obtained from 16 other patients with HNSCC as well as 10 age-matched healthy volunteers. All patients donating PBMC were seen at the Outpatient Otolaryngology Clinic at the University of Pittsburgh Medical Center between January 2006 and March 2007. Among them, 8 patients had active disease and 8 showed no evidence of disease at the time of phlebotomy; 11 patients were diagnosed with stage I/II disease and 5 with stage III/IV disease. All 16 patients who donated PBMC (11 with oral cavity tumors and 6 with larynx carcinoma) had undergone surgical resection of their tumors with a curative intent. The radiotherapy or radiochemotherapy, given to 7 patients, was terminated from 3 to 7 weeks before the time of phlebotomy obtained for this study. All subjects signed an informed consent approved by the Institutional Review Board of the University of Pittsburgh.
Isolation of TILs. TIL were isolated at the University of Pittsburgh Cancer Institute Tissue Procurement Facility according to a standard operating procedure as described previously (26) . Briefly, after removal of fat, blood, or necrotic areas, primary solid human tumor tissue were washed in RPMI 1640, cut into 1 mm 3 pieces in a Petri dish covered with RPMI 1640, washed, and, on transfer to flasks, dissociated using 0.05% (type IV) collagenase and 0.02% (type I) DNase (Sigma) in RPMI 1640 supplemented with 5% (v/v) FCS and antibiotics (Life Technologies/Invitrogen). Tissues were dissociated for up to 4 h using a magnetic stirrer at 37jC. The digest was then passed through 90 and 50 Am nylon mesh to remove clumps, and the filtrate was washed two to three times in medium followed by centrifugation at 350 Â g for 10 min. To separate tumor cells from lymphocytes, the cell suspension was layered onto a discontinuous gradient of 75% over 100% Ficoll-Hypaque (GE Healthcare Bio-Sciences) in medium and centrifuged for 800 Â g for 20 min at room temperature. Lymphocytes were collected from the interphase between 75% and 100% FicollHypaque and washed twice before cryopreservation.
Collection and processing of PBMC. Peripheral venous blood (20-30 mL) was drawn into heparinized tubes. The samples were hand-carried to the laboratory and immediately centrifuged on FicollHypaque gradients. PBMC were recovered, washed in AIM-V medium (Invitrogen), counted in the presence of a trypan blue dye to evaluate viability, and either immediately used for experiments or cryopreserved using a rate-control process (Cryo-Med). Cell vials were stored in liquid N 2 vapors at -80jC.
Tr1 cell expansion from CD4 
CD25
-T cells (10 6 per well) separated from PBMC of normal controls were cocultured in the IVA culture system described previously by us (27) . Briefly, these cells (10 6 per well) were coincubated with irradiated HNSCC tumor cells (PCI-13, 10 5 cells) in the presence of autologous immature dendritic cells (10 5 per well) and cytokines IL-2 (10 IU/mL), IL-10 (20 IU/mL), and IL-15 (20 IU/mL) in AIM-V medium in duplicate wells of 24-well plates for 10 days. Cytokines, all purchased from Peprotech, were added to these cultures on days 0, 3 and 6. On day 9, culture medium was replaced by fresh medium containing anti-CD3 antibody (1 Ag/mL; American Type Culture Collection). On day 10, lymphocytes and culture medium were harvested for assays.
Multicolor flow cytometry. Freshly isolated or cultured lymphocytes were phenotyped as described previously (27) . Briefly, cell surface molecules were detected using anti-CD3-ECD, anti-CD4-PC5, anti-CD25-FITC, anti-CD25-PE, anti-CD122-FITC, anti-CD132-PE, and anti-CD46-FITC antibodies purchased from Beckman Coulter, except for anti-CD46 antibody (clone E4.3), which was purchased from BD PharMingen. Isotype controls, IgG 1 , IgG 2a , and IgG 2b , were included in all experiments. For intracytoplasmic staining, cells were saponized, washed in saponin-containing buffer, and stained with the following antibodies: anti-CD132-PE (Beckman Coulter), anti-IL-10-PE or its isotype control PE rat IgG2a,n (BD PharMingen), anti-FoxP3-FITC and anti-IL-4-FITC (eBioscience), and anti-TGF-h 1 -FITC (clone TB21; Antigenix America). Appropriate isotype controls were used in all experiments. Multicolor flow cytometry was done using a FACScan flow cytometer (Beckman Coulter) equipped with Expo32 software (Beckman Coulter). The acquisition and analysis gates were restricted to the lymphocyte gate as determined by their characteristic forward and side scatter properties. Routinely, 10 5 cells were acquired for analysis. Further, analysis gates were restricted to the CD3 + CD4
+ T-cell subset. The flow data were analyzed using Coulter EXPO 32vl.2 analysis software.
Suppression assays. Responder CD4 + CD25 -T cells were autologous to Treg (suppressor cells). Responder cells were stained with 1.5 Amol/L carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes/Invitrogen), stimulated with plate-bound anti-CD3 monoclonal antibody (mAb; 1 Ag/mL) and soluble anti-CD28 mAb (1 Ag/mL), and cocultured with suppressor cells in a complete AIM-V medium containing IL-2 (150 IU/mL) in 96-well plates (5 Â 10 5 per well). Suppressor cells were freshly isolated CD4 + CD25 -(Tr1 precursors) or cultured Tr1 cells, which were added to responder cells at various suppressor cell/responder cell ratios (1:1, 1:5, 1:10, and 1:20). Cocultures were incubated at 37jC in an atmosphere of 5% CO 2 in air for 5 days. Pre-titred neutralizing mAb to IL-10 and/or TGF-h 1 (R&D) or isotype control IgG were added to some cocultures at the final concentrations of 2 or 20 ng/mL, respectively. In additional CFSE assays, responder cells were plated at 10 6 per well in wells of 24-well plates (Corning), coated with anti-CD3 mAb (1 Ag/mL), and equipped with 6.5 mm Transwell inserts (pore size, 0.4 Am). Suppressor and responder cells were placed in the Transwell insert plates at 1:1 ratio. After cell harvest, suppression of proliferation of CFSE-labeled responder cells was analyzed. Data obtained by flow cytometry were analyzed using ModFit LT for Win32 software provided by Verity Software House.
Cytokine production assay. For the last 24, 48, and 72 h of culture, supernatants were replaced by fresh complete medium containing anti-CD3 mAb (1 Ag/mL) but no exogenous cytokines. Supernatants were collected and stored frozen until ELISA (R&D) was done to determine levels of IL-4, IL-10, IL-12, IL-27, and IFN-g. Levels of TGF-h 1 in acidified supernatants were also measured by ELISA (R&D). The assay was done according to manufacturers' instructions.
Controls used for cytokine production by normal control cells included immature dendritic cells coincubated in the presence of irradiated HNSCC cells (PCI-13 and PCI-30) in parallel cultures to those containing Tr1 cells, immature dendritic cells, and irradiated tumor cells.
Immunofluorescence of tumor tissues. Tissue samples were embedded in OCT, and 5 Am frozen sections were cut in a cryostat, dried, fixed for 10 min in cold acetone and ethanol (1:1), and again dried in air. The following monoclonal anti-human antibodies were used for staining: CD4/FITC (diluted 1:100 in PBS), mouse CD25/PE (1:50), rat CD132/PE (1:50; BD PharMingen), and rat Foxp3 (1:100; eBioscience). In addition, polyclonal rabbit anti-human IL-10 antibody (1:50), rabbit anti-human CD46 antibody (1:100), and polyclonal goat anti-human TGF-h 1 antibody (1:50; all from Santa Cruz Biotechnology) were used. As secondary antibodies for IL-10, TGF-h 1 , and Foxp3 detection, Cy5-labeled donkey anti-rabbit, anti-goat, and anti-rat (all from Jackson ImmunoResearch) antibodies were used at 1:500 dilution. To eliminate nonspecific binding of secondary antibodies, tissue sections were initially incubated with 10% normal donkey serum for 1 h. Sections were incubated with antibodies for 1 h at room temperature in a moist chamber. Next, slides were washed in PBS and then incubated with the secondary antibodies under the same conditions and in the dark. Primary antibodies were omitted in all negative controls. Sections were incubated in a medium with 4 ¶,6-diamidino-2-phenylindole (Vector Laboratories) to trace cell nuclei. Slides were evaluated in the Olympus Provis (Olympus) fluorescence microscope under Â400 magnification. For digital image analysis, the software Adobe Photoshop 6.0 version was used.
Statistical analysis. Data were summarized by descriptive statistics (mean and SD for continuous variables; frequency and percentage for categorical variables). Kruskal + T-cell fractions isolated from TIL showed a phenotypic profile that was distinct from that of lymphocytes isolated from PBMC of HNSCC patients (Fig. 1A) or of normal controls (data not shown). In TIL, up to 70% of CD4 + CD25
-cells were IL-4 + and only f20% expressed IL-10 and/or TGF-h 1 (Fig. 1B) . CD122 (IL-2Rh) was not expressed, and f20% of TIL-derived CD4 + CD25
-cells expressed CD132 (P < 0.001). The PBMCderived precursor cells expressed almost no IL-10 or TGF-h 1 , and only up to 15% were IL-4 + (Fig. 1A and B) . Mean levels of expression (MFI) of TGF-h 1 were significantly higher (P < 0.001) in TIL than in PBMC, whereas MFI of IL-10 was not (see below). Foxp3 and CTLA-4, markers used to characterize Treg, were detected on f20% of CD4 + CD25 -cells isolated from TIL or PBMC (Fig. 1A) .
Characteristics of Tr1 cell populations expanded from TIL or PBMC. CD4 + CD25 -cells isolated from TIL and PBMC were cultured in the presence of IL-2, IL-10, and IL-15, defined previously as ''Tr1 cytokines,'' for 10 days (27) . Importantly, only cytokines and no tumor or dendritic cells were required to expand CD4 + T cells of patients with HNSCC. The phenotype of T cells outgrowing in these cultures is shown in Fig. 1C -. MFI of IL-10 and TGF-h 1 in Tr1 cells derived from TIL were significantly higher (P < 0.0001) than those in Tr1 cells derived form PBMC (Fig. 1D ). As shown in Fig. 1E , TIL were highly enriched in cells expressing TGF-h 1 , IL-10, and CD132 (IL-2Rg). This phenotype was consistent with that defined for Tr1 cells (27) . Thus, Tr1 cells originating from TIL were phenotypically distinguishable from those derived from PBMC of HNSCC patients after 10 days of culture in the presence of the ''Tr1 cytokines.'' Suppression mediated by Tr1 cells or their precursors within the CD4 + CD25 -subset. To evaluate the ability of Tr1 precursors or ex vivo differentiated Tr1 cells to suppress anti-CD3 antibodyinduced proliferation of autologous CD4 + CD25 -responder cells, CFSE assays were done. Responder cells were peripheral autologous CD4 + CD25 -T cells isolated from TIL or PBMC of HNSCC patients or from PBMC of normal controls. These responder cells were labeled with CFSE, stimulated with anti-CD3 and anti-CD28 mAb, and cocultured for 5 days with suppressor cells. As shown in Fig. 2A and B, freshly isolated suppressor cells from the peripheral blood of normal controls or HNSCC patients showed low suppressor activity (6.5 F 3% and 8.2 F 3%, respectively). However, freshly isolated suppressor cells from TIL significantly suppressed proliferation of autologous CD4 + responder cells with a mean suppression level of 43.9 F 15% (P < 0.001). On the other hand, ex vivo differentiated Tr1 cells showed much stronger suppression than Fig. 2A and B .
Freshly isolated or ex vivo differentiated Tr1 cells titrated into responder cells at various ratios gave linear responses, with suppression considerably higher in TIL-derived suppressor cells than PBMC-derived suppressor cells (P < 0.001) as illustrated in Fig. 2C . Whereas proliferation of autologous responder cells was suppressed in all cultures in the presence of ex vivo differentiated Tr1 cells, TIL-derived Tr1 cells nearly completely inhibited expansion of responder cells (Fig. 2D ). Tr1 cells generated from PBMC of normal controls showed a mean suppressive activity of 46.2 F 9%, whereas those expanded from PBMC of HNSCC patients suppressed at the level of 62.9 F 15% (mean F SD; P < 0.001).
Suppression mediated by Tr1 cells is cytokine dependent but cell contact independent. A characteristic feature of differentiated Tr1 cells is the ability to produce IL-10 and TGF-h, the cytokines that likely mediate suppressor activity of these cells. To test this assumption, we inhibited IL-10 and TGF-h secretion by ex vivo differentiated Tr1 cells using the cytokine-specific antibodies. These experiments were done in the presence or absence of a Transwell insert and showed that proliferation of responder cells was inhibited (P < 0.0001) whether these antibodies were used singly or combined (Fig. 3A) . Furthermore, the suppressive activity of Tr1 cells was not attenuated when Transwell inserts were used (Fig. 3B) . Similar results were obtained with PBMC-derived Tr1 cells (data not shown).
Presence of Tr1 cells and Tr1 precursors at the tumor site. Having identified the phenotypic and functional characteristics of Tr1 cells isolated from TIL, we were able to assess their presence and distribution in the tumor tissue using multicolor immunofluorescence and confocal microscopy. Tumor tissue sections were stained with labeled mAb selected to distinguish Tr1 cells from nTreg. As shown in Fig. 4A Figure 4B shows that Tr1 cells present in the tumor are CD4 + CD25 -CD132 + IL-10 + and appear to be clustered close to tumor cells. This in situ phenotype of Tr1 cells corresponds to the flow cytometry data reported above (Fig. 1) . Similar distribution of CD4 + CD25 -CD132 + TGF-h 1 + was also observed in the tumor (data not shown). However, Tr1 cells were not the only cells at the tumor site that expressed IL-10. In fact, all HNSCC examined to date expressed IL-10 in situ (data not shown) as shown by immunohistochemistry. This finding supports the conclusion that the tumor microenvironment creates the milieu that promotes induction of Tr1 cells. We also studied expression of OX40L (a suppressor of Tr1 induction) in the tumor (29) by immunohistochemistry and found it to be associated with CD11c + cells. In addition, we examined CD46 expression in the tumor. This receptor for complement components C3b and C4b was ubiquitously present on all tumor cells as well as infiltrating leukocytes, further suggesting that, in the tumor, CD46-mediated signaling could be involved in Tr1 induction as suggested previously (30) .
Supernatants of Tr1 cells. Supernatants of expanded Tr1 cells were collected on day 10 of culture after additional 24 hours in fresh medium containing only anti-CD3 mAb and no exogenous cytokines. In kinetics-type experiments, we showed that the period of 24 hours was optimal for supernatant harvest to evaluate cytokine production. IL-10 and TGF-h were detected in all Tr1 cell cultures but not in control cultures. Supernatants from cultures containing TIL-derived Tr1 cells contained the highest levels of IL-10 and TGF-h (1,480 F 25 and 3,720 F 84 pg/mL, respectively), whereas levels of these cytokines were 1-fold lower (P < 0.01) in cultures of PBMC-derived Tr1 in HNSCC patients and 4-fold lower in normal controls (P < 0.001; Fig. 5 ). For normal control cocultures (n = 11) containing immature dendritic cells and irradiated tumor cells but no Tr1 cells (controls), IFN-g production was 84 F 9 pg/mL and IL-10 production was 329 F 23 pg/mL. These levels of IL-10 production were significantly lower than those for Tr1-containing cultures (P < 0.001). All tested supernatants were negative or contained minimal levels of IL-4, IL12, IFN-g, and NO. (Fig. 6A) . Also, the Tr1 cells isolated from blood of patients who had advanced-stage disease mediated significantly higher suppressor activity than Tr1 cells from patients with early-stage disease (Fig. 6A) . These associations were observed with freshly isolated Tr1 precursors as well as expanded Tr1 cells isolated from peripheral blood and were highly significant as shown in Fig. 6 .
The patients were also stratified into those with active disease (n = 8) and those with no evident disease (n = 8) at the time of phlebotomy for this study. All 8 patients with active disease donated blood for this study before subsequent therapy and none was receiving oncologic therapy. However, 3 of 8 patients had recurrent disease and had surgery 3 to 5 years before the current blood draws. All 8 patients with no evident disease had undergone surgery with curative intent and 7 had subsequent radiotherapy and/or chemotherapy, which were terminated 3 to 7 weeks before phlebotomy. As a group, the patients with no evident disease after oncologic therapy had higher percentages of CD4 + CD25 -cells expressing TGF-h 1 (P < 0.001) in the peripheral circulation than patients with active disease (Fig. 6B) , although the percentage of CD4 + CD25 -cells expressing IL-10 was not significantly different in these two cohorts. Furthermore, suppression mediated by CD4 + CD25 -cells isolated from PBMC of patients with no evident disease was significantly greater (P = 0.0003) than that mediated by cells obtained from patients with active disease (Fig. 6B) . A similar analysis of Tr1 cells expanded ex vivo from PBMC of HNSCC with no evident disease versus active disease showed comparable results, with higher Tr1 cell numbers and function in the cohort with no evident disease (data not shown). In this statistical analysis, disease activity segregated as an independent variable from disease stage.
In aggregate, our data suggest that Tr1 cells are expanded and highly suppressive in the peripheral circulation of HNSCC patients with advanced disease. Unexpectedly, Tr1 cells were also expanded in the periphery of HNSCC patients with no evident disease, and the frequency as well as function of Tr1 cells remained elevated for prolonged time periods (weeks to months) after termination of oncologic therapy. This finding is similar to that reported by us earlier for nTreg in patients with HNSCC (31).
Discussion
Recently, evidence has accumulated indicating that tumors have the ability to shape their microenvironment and use immunosuppressive mechanisms to counteract antitumor immune responses (32) . Although these mechanisms vary, accumulations of Treg in the tumor microenvironment are thought to contribute, at least in part, to tumor escape from the immune system (33) . The presence of Treg at tumor sites and their frequency and suppressor functions have been described previously by us and others (15, 16, 23) . Further, preliminary evidence indicates that the presence and the chemokine/ cytokine profile of Treg accumulating in ovarian carcinoma and other human solid tumors are associated with shorter patient survival (34) . For this reason, attention has been focused on defining phenotypic and functional properties of Treg present in the tumor as well as peripheral circulation of patients with cancer.
In a previous study, we have reported that the nTreg subset in patients with HNSCC comprises CD4 + CD25 + Foxp3 + cells with a phenotype that is distinct from that of the corresponding cells in the peripheral circulation (23) . These TIL-Treg expressed IL-10 and TGF-h 1 , were GITR + , and mediated potent suppression even at very low suppressor cell/responder cell ratios. Here, we show that, in addition to CD4 It has been well documented that tumors produce and release a variety of antigens, which may be processed by antigen-processing cells and cross-presented for recognition by immune T cells (35) . Because the majority of these tumorassociated antigens are ''self,'' they tend to induce tolerance rather than immunity. -T cells were shown to express CD46. Furthermore, we observed granzyme B and perforin expression in expanded Tr1 cells. 5 In aggregate, these data suggest that, in the tumor microenvironment, Tr1 induction may be favored. An excess of CD46 and IL-10 (Tr1 inducers) and the paucity of OX40L (a suppressor of Tr1 induction) found in HNSCC supports this conclusion. The observation that a considerable fraction of TIL-derived Tr1 cells express TGF-h 1 and IL-10 in situ further supports the role for these cytokines in the Tr1 differentiation process. To mimic the in vivo microenvironment necessary for the induction of Tr1 cells, we previously established a coculture system in which CD4 + CD25 -cells obtained from PBMC of normal controls were coincubated with irradiated tumor cells as a source of tumor-associated antigens, immature dendritic cells serving as antigen-processing cells, and ''Tr1 cytokines'' (IL-2, IL-10, and IL- 15; ref. 27) . This in vitro system allowed us to generate functionally active Tr1 cells from the naive precursors in numbers sufficient for a complete analysis of their attributes. The phenotype and function of T cells expanded in this system were consistent with those described previously for Tr1 cells (13) , although levels of IL-10 production were lower than those reported in Tr1 cells by other groups (39) . This could reflect differences in the nature of Tr1, which in our experiments are induced by the tumor or in culture methods used for ex vivo Tr1 induction. TIL or PBMC obtained from HNSCC patients expanded rapidly in this coculture system containing ''Tr1 cytokines'' presumably because freshly isolated CD4 + CD25 -cells were in vivo primed. Tr1 cells that expanded were phenotypically and functionally comparable with Tr1 cells present in the tumor or fresh PBMC in the circulation of cancer patients. As Tr1 cells represent a minor component of CD3 +
CD4
+ population, the possibility for expanding them ex vivo using ''Tr1 cytokines'' is an obvious advantage.
Interestingly, IL-2 and IL-15 are the key cytokines for Tr1 cell induction and expansion, possibly because Tr1 precursors express the h and g receptor chains, which are shared by receptors for IL-2 and IL-15. The prominent display of CD132 (IL-2Rg) on functional Tr1 is consistent with a requirement for relatively high doses of exogenous IL-2 in support of suppressor functions. In mice, IL-2 was shown to control the balance between IL-17 + T cells and Treg in the tumor microenvironment (40) . Distinctive expression of the IL-2Rg chain (CD132) by TIL-derived versus PBMC-derived Tr1 cells (high versus low, respectively) in HNSCC patients might reflect different requirements of these subpopulations for IL-2, which regulates their suppressive functions.
To date, contributions of Tr1 cells to down-regulation of immune responses in cancer patients have not been defined. To begin to explore the potential clinical significance of the observed Tr1 enrichment in patients with HNSCC, we examined associations between their frequency and suppressor activity versus disease activity at the time of phlebotomy and the disease stage (International Union Against Cancer I/II versus III/IV) determined at the time of surgery. Although the patient cohorts used in our cross-sectional analyses were small, we found that Tr1 cells expressing functionally Treg markers, IL-10, TGF-h, and CD132, were expanded in PBMC of HNSCC patients with advanced disease stages. Thus, cancer progression appears to be accompanied by differentiation and expansion of Tr1 cells in the periphery, which is not attenuated by therapy. In fact, it could be an effect of oncologic therapy. Surprisingly, elevated Tr1 frequency and activity seem to persist long after therapy is terminated. Similar results were obtained with nTreg in patients no evident disease (31) . These findings imply that oncologic therapy has long-term effects on Treg survival and function. As this was not a prospectively designed study and the patient cohorts were small, the presence of significant correlations between Tr1 expansion and disease stage or activity was surprising. Clearly, serial sampling of individual patients enrolled in a prospective study will be necessary to confirm these intriguing preliminary observations. If oncologic therapy does not decrease but rather expands Tr1 cells and augments their function, then it may be critical to serially monitor the frequency and activity of Treg in cancer patients treated with oncologic therapies to ascertain the role of these cells in disease progression, recurrence, and prognosis. Additional preliminary data in our laboratory indicate that (a) Treg are resistant to chemotherapeutic drugs in vitro and (b) Treg expand in the presence of cisplatin. 6 Therefore, it is reasonable to speculate that oncologic therapies, which themselves induce inflammatory responses, also recruit, activate, and expand Treg, which are expected to control excessive inflammatory responses (41, 42) .
In this study, we report for the first time that Tr1 cells derived from TIL in HNSCC patients or those present in the tumor expressed CD132 rather than CD25 and produced high levels of IL-10 and TGF-h 1 . These cytokines were shown to be responsible for Tr1-mediated suppression of responder cell proliferation. Although the tumor microenvironment enriched in tumor antigens and immature dendritic cells might be an ideal milieu for inducing generation of tumor antigen-specific Tr1 cells from inactive precursor cells, it remains unclear that Tr1 cells regulate responses of tumor antigen-specific T cells. The mechanism of suppression involving cytokines implies that a variety of immune or nonimmune cell types expressing receptors for IL-10 or TGF-h 1 are likely to be responder cells.
Our data are consistent with the hypothesis that, in patients with cancer, Tr1 cells tolerate receptor-expressing immune cells but also regulate numbers and activity of many other cell types present in the tumor. Therefore, understanding of phenotypic, functional, and molecular characteristics of Tr1 cells is crucially important for the development of novel therapies for cancer, which are dependent on the removal or inhibition of IL-10-and TGF-producing Tr1 cells (43) . In this respect, nearly complete abrogation of their suppressor activity by antibodies to IL-10 or TGF-h 1 suggests that antibody-mediated inhibition of the immunosuppressive cytokines might be effective in modulating Tr1 activity in vivo.
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CD25
-Tcells orTr1cells expanded in culture were measured. Tcells were obtained from PBMC of HNSCC patients and were analyzed relative to the early disease stage (International Union Against Cancer I/II) versus late disease stage (International Union Against Cancer III/IV) at the time of surgery. B, IL-10,TGF-h 1 , and suppressor function of Tr1cells obtained from PBMC of HNSCC patients were analyzed relative to disease activity (active disease versus no evident disease) defined at the time of phlebotomy. The data are displayed as box-whisker plots that present mean, spread, and distribution of the data set. Suppressor function of Tr1was measured using responderTcells in CFSE assays as described in Materials and Methods. A and B, mean F SD percent positive cells or suppression from experiments done with PBMC of 16 different HNSCC patients. Wilcoxon rank-sum tests were used for comparisons. Significance level of 0.0028 was used to adjust for multiple comparisons.
